Abstract-The neutron back-scattering (NBS) technique is a well established method to find hydrogen in objects. It can be applied in land mine detection taking advantage of the fact that land mines are abundant in hydrogen.
I. INTRODUCTION

A. History of Land Mines
T HE origin of the word 'land mine' stems from the technique of sapping, used in siege operations indicating the digging of trenches or 'saps of approach' to safely advance troops. Saps also were tunnels made underneath enemy fortifications thereby 'under-mining' fortress walls, castles etc. These fortifications were then destroyed by letting the tunnels or 'mines' collapse, first naturally and later by means of explosives.
The first written reference to gunpowder or 'black powder' used in early land mines is probably a Chinese text tentatively dated to mid-800 [1] . Gunpowder was used by Samuel Zimmermann, a military engineer at Augsburg, in 1573 to make the first anti-personnel mine called the 'fladdermine': a black powder bomb buried in a shallow well and covered with scrap metal and/or gravel activated by a snaphane or flintlock mechanism connected to a tripwire on the surface [2] . Mechanically fused anti-personnel land mines using high explosives were first used by Confederate troops during the U.S. Civil War Battle of Yorktown in 1862 [3] . During the second world war, land mines were used to hinder tank movements. The advancing troops soon found however that they could remove these anti-tank mines by hand. This led to anti-personnel mines being laid close to the anti-tank mine to protect them [4] .
Egypt is the country with the highest number of land mines: estimated at 23 million. They originate mainly from the World War II battles along the coast but also from various border conflicts with neighbor countries. U.N. estimates [5] show that about half of all land mines are found in the arid countries in the middle east and the north of Africa. The real problem in demining is to locate the mines in the ground [6] . Their very small size, especially of the anti-personnel mines, makes them difficult to detect. Humanitarian demining at present is almost entirely done using metal detectors and so called prodders: little sticks used to prick the ground to 'feel' a mine. These methods result in a slow, dangerous and costly demining process.
Although some of the modern methods such as Electro Magnetic Induction (e.g., metal detector) and Ground Penetrating Radar are effective for locating metal like anomalies, they can not be used to identify the anomalies and to confirm the presence of a land mine [7] .
B. Neutron Back Scattering Principles
The neutron back-scattering (NBS) technique is a well established method to show the presence of hydrogen. It is in use for instance, to monitor water levels in large containers [8] , [9] or to determine the moisture level in building materials [10] . By the end of the 20th century, an international effort was made to introduce nuclear techniques into the search for buried land mines and in 1999 NBS was first introduced for demining purposes by Brooks [11] .
The NBS demining technique [12] - [15] is based on the high concentration of hydrogen in land mines, which is present in the explosive chemicals, but also in the plastic parts of the land mine e.g., the casing.
A NBS detector operates by irradiating the soil with highenergy (MeV) neutrons. The neutrons lose energy by scattering from atoms in the soil and become thermal after a number of collisions. A thermal neutron detector monitors the low-energy neutron flux coming back from the soil.
The thermalization process takes many fewer collisions when scattering from hydrogen as compared to other elements. The concentration of thermal neutrons in hydrogenous regions of the soil will therefore be relatively high. The thermal neutron flux at the surface will thus show an increase above spots which are relatively rich in hydrogen. Such thermal neutron 'hot spots' may indicate a land mine.
The main advantage of the NBS method is the high speed of operation which is possible. Mine detection times of less than a second are feasible when a sufficiently strong neutron source is used [16] , [17] . NBS based systems can therefore be used to scan an area for land mines. Other mine detection systems based on nuclear techniques, such as pulsed fast neutron analysis (PFNA) or thermal neutron analysis (TNA), show speeds of operation of the order of minutes. They are better suited as confirmation detectors to identify an already found buried object as a mine.
Additional advantages of NBS based devices over metal detectors or ground penetrating radar devices are: the insensitivities for rocks, stones and metal objects like shells or cartridges of fire arms. This is an important advantage because former combat areas generally contain huge amounts of metal debris. The ratio between scrap metal pieces and mines may be well above 1000 [18] . The possibility to find fully metal-free mines is also important since such mines are used increasingly.
The main limitation of the NBS method lies in the sensitivity to soil moisture. The hydrogen content of a land mine is comparable to that of sand with a moisture level of [19] - [22] , resulting in a loss of contrast between the mine and its surroundings. The NBS method can therefore be applied most advantageously in arid countries such as Egypt, Lybia or in the Middle East.
NBS imaging uses a two-dimensional position sensitive neutron detector. A two dimensional distribution or image is obtained of the low-energy neutron radiation, which is emerging from the soil. A concentration of hydrogen shows up as a hot spot: a more or less circular area with a higher neutron radiation intensity as compared to the surroundings. The advantage of using a two dimensional image is that the sensitivity for mine detection is greatly enhanced in comparison to only monitoring the overall count rate. The two dimensional distribution is not a real image of the mine because scattering of the neutrons in the soil blurs the image resulting in hot spots which are always circular. The size of the spot has a weak dependence on the mine size and on the mine depth. This paper describes the design and the properties of a NBS land mine detector applied in scan mode, such as the maximum scan speed in relation to the neutron source strength and the maximum depth of detection.
II. THE DELFT TEST LANE FACILITY
The Delft test lane facility was especially constructed to test NBS demining systems in scan mode. The facility consists of a box of 3 8 1 filled with sand. It is placed on 2 2 concrete plates, which have been laid on a 50 cm thick sand bed. The walls of the box are made of steel plates. The bottom of the box consists of an isolation layer of 5 cm thick foam plates, on top of which are: a layer of felt, an electric heating (150 ) blanket, a second felt layer and finally a layer of 1 mm thick aluminum plating.
The inside of this box is clad with thick plastic foil, as used for making garden pools, taped to the steel walls at 15 cm from the top. The box is loaded with 35 tons of river sand that has been dried and sifted (Grain size 0.1 mm; SANSSIFT company). The box is filled to about 5 cm from the top thus covering the foil and tape completely. The sand is heated from the bottom to keep it as dry as possible and to simulate a desert condition. The sand temperature at the bottom is kept at approximately 26 .
The box is positioned inside an isolated and heated 'Quinset' hut with thin aluminum walls to minimize the scattering of neutrons from the surroundings.
The NBS detector and the associated electronics and sources are mounted on a frame, which can be moved by a stepping motor over rails fixed at the top of the box along the long sides. Flexible wiring such as signal cables and power lines run up to the frame through a cable support chain ('Staby Track'; http://www.flexiblehandling.co.uk/truckmobile.htm#17). The frame may be loaded up to 75 kg and can move above the sand surface with speeds between 1 mm/s and 1 m/s. The frame and detector may be operated locally from the hut or, in case of a strong neutron source or a neutron generator, remotely from a nearby shielded barrack.
The position of the frame with respect to the box is determined with a magnetic strip mounted alongside the box. A sensor attached to the frame counts the magnetized sections on the strip, which are passed over during the movements. This allows the electronics on the frame to determine the frame position with an accuracy better than 1 mm.
III. ESCALAD: THE EGYPT SCANNING LAND MINE
DETECTOR A scanning NBS device is being developed at the Reactor and Neutron Physics Department of the Nuclear Research Center of the Egyptian Atomic Energy Authority, with the help of the Delft University of Technology and supported by the IAEA. The detector is based on the Delft DUNBID land mine system [17] , [23] , which was tested in Egypt [16] , but which is not suitable for surface scanning. Scanning NBS land mine detectors do not exist at present.
A. Design Considerations
The size of the land mine hot spots is of the order of 75 cm. This is evident from previous tests performed in Egypt [16] as well as from measurements in the Delft test lane such as the one shown in Fig. 1 .
The hot spots are best recognized and located if they are fully contained within the measured images. This is illustrated by the images in Fig. 2 , which have been simulated with the GEANT4 package, and which show the number of neutrons detected in The size of the detector in the scan direction could be small since the image in the scan direction is built by moving the detector over a sufficiently long distance. However, the detector sensitivity at a certain primary neutron emission rate can be improved by using a larger size (see Fig. 3 ). The improvement will however level off at larger sizes because of the increasing distance from the neutron source. The detector size in the scan direction has been set to 50 cm weighing the decreasing sensitivity gain against the increasing costs of a larger detector.
B. Construction
The Egypt SCAnning LAnd mine Detector (ESCALAD) consists of 16 proportional counter tubes with resistive wires (from Reuter-Stokes, Inc. Edison Park, 8499 Darrow Road Twinsburg, OH 44087-2398), mounted parallel in a flat encasing of 142 117 15 , perpendicular to the direction of scanning.
tubes are sensitive mainly to thermal neutrons through the reaction:
. The specifications of the tubes are: length 100 cm, diameter 2.5 cm and pressure 10 bar. The neutron detection efficiency varies from 1 for thermal energy down to for neutrons in the MeV energy range. The tubes are mounted in two banks of 8 tubes; tube pitch within a bank: 27.8 mm, bank separation: 237.6 mm between the adjacent tubes axes. This separation allows for the placement of radioactive neutron sources or of a Cf neutron energy distribution. The net hot spot content divided by its standard deviation is plotted as function of the detector size in the scan direction. Fig. 4 . The cross section of a detector with 8 He tubes is shown schematically while scanning over a land mine. Fast neutrons (short dashed tracks) emerge from the source, are scattered in the mine and reappear at the soil surface as thermal neutrons (long dashed tracks). The intensity distribution over the soil surface is formed while scanning using the neutron hit coordinate determined from the neutron tube position Xdet and the detector position Xground. The coordinate perpendicular to the scan direction is determined by charge division.
neutron generator in the center of the detector. Bank separation is a compromise between two effects:
• the detection sensitivity decreases for an increasing separation distance because of the increase of the path length: source-mine-detector; • bull; the 'fast neutron background' increases for smaller separation distances leading to a worse signal-to-background ratio. This type of background is caused by high-energy neutrons, which come straight from the source. The total sensitive detector area is about 100 44 . The system is being constructed at the Delft University. First tests are done in the Delft test lane (Section II).
C. Collection of the Image
The detector is mounted on a frame allowing it to move or scan horizontally above the ground at a standoff distance of 10 cm (see Fig. 4 ). The neutron counts are processed during the movement and are used to build an image of the thermal neutron flux, which is emerging from the ground. The coordinate of a neutron hit in the direction of scanning with respect to a ground related reference frame is determined from the position of the tube being hit in the encasing and the position of the encasing with respect to the ground. The coordinate along the tubes is determined by charge division performed by the electronics (Mesytec GmbH & Co., KG Wernher-vonBraun-Str. 1, 85640 Putzbrunn, Germany). Counts are stored according to the measured positions in a 32 256 array of pixels with a pixel size of 3.3 3. 4 . The first dimension denotes the direction along the tube thus perpendicular to the scan direction; the second one denotes the direction of scanning. The overall background count rate is about 500 c/s for a source with an emission rate of and a detector-ground-surface distance of 10 cm. The maximum count rate possible with the current electronics is which corresponds to a maximum source strength of about . Each tube in turn spends a time of s above a row of pixels, with (cm/s) the scan speed. The total measurement time for the detector tubes to pass completely over a row of pixels, the 'pass-over-time', thus is: .
D. Image Analysis
An example of a raw image of a mine scan is shown in Fig. 1 and in the top image of Fig. 5 . The signals from the tubes for neutron hits near the tube ends are too small for the electronics to calculate a good position. Therefore, the figures shows a scan lane of only 80 cm width. The mine signal is very strong for the anti tank mine (Fig. 1) but for deeper lying and/or smaller mines and/or at greater scan speeds the mine will give a weaker signal. The mine signal will disappear in the statistical counting noise for conditions near the limit of detection and will no longer be perceivable by eye.
The examples also show a slowly increasing intensity towards higher scan positions. This is due to a slightly higher sand level at the end of the test lane and a correspondingly smaller detector-ground-surface distance. The band of raised intensity running through the image around lane position 0 is due to those positions being closest to the source.
The raw data has three components: 1) the signal from the mine (if present); 2) a contribution caused by neutrons scattering from the soil; 3) a contribution from fast neutrons, which hit the detector without having entered the soil. The latter two components constitute a background in the image, which must be subtracted for proper mine detection.
A row of image pixels perpendicular to the scan direction will simply be called: 'a pixel row', while a row of image pixels along the scan direction will be called 'a pixel line'.
The first step in the analysis of the images is the application of a 'fast neutron background' correction. The fast neutron background is an intrinsic system property. It has been measured by placing the detector about 1.5 m above the soil and registering the count rate distribution along each tube. The correction is done by summing the fast neutron measurement along the scan direction and subtracting the result from the pixel rows in the raw image after normalization to the measurement time. The effect of this correction is to remove the central high intensity band and to increase relatively the intensity at the edges of the detector. This is shown in Fig. 5 by comparison of the two top pictures.
The next step in the image analysis consists in estimating the background at the mine position due to the soil itself. The mine signal would be best obtained by subtracting a measurement without the mine from the measurement with the mine but this is of course not possible in practice.
The background due to the soil at a certain pixel is estimated by extrapolating the pixel data from a window along the pixel line preceding the pixel. The extrapolation is done by taking the average value of the pixel data within the window. The background over the total image is estimated by shifting the window over the image in the direction of the scan. When the pixel data in a narrow 'look-ahead' window in front of the background window are consistently above the so determined background it is concluded that the background window is moving into the area of a mine signal. The pixel data from such a mine signal area are not used for background estimation.
The background estimation procedure described here can in principle be carried out during the measurement because it only relies on pixel data which has already been obtained, and therefore allows for scans of indefinite length. The procedure acts as a low pass filter for the spatial frequencies in the pixel data: rapid fluctuations will be damped by the averaging process. The filter cut off frequency is determined by the width of the window. A narrow window allows the background to fluctuate more rapidly than a wide window. We found that a window width of 35 cm gave the best overall results. A mine shows up as a hot spot in the image thus corrected. Such a hot spot is called the 'mine signal'. The third step in the analysis consists in recognizing and locating the hot spots and distinguishing them from background variations. We applied the method of 'matched filtering' [24] . This method entails a convolution of the image with a template of the sought mine signal. The output of the convolution will be high when the image does contain such a signal. A mine is detected at some position when the matched filter output at that position is above a threshold value.
The template was obtained by isolating the mine signal from a measurement with high statistics of an anti tank mine at small depth, after removal of the background. The template was lightly filtered with a Gaussian filter to diminish the counting noise and normalized to have a total content of 1.0.
All image analysis procedures have been realized in MATLAB code. Matched filtering is done by multiplying the Fourier transforms of the image and the over 180 rotated template. The matched filter output is obtained as the real part of inverse Fourier transform of this product. This procedure is mathematically equivalent to the convolution operation mentioned above but has the advantage of a fast computation because of the availability of very efficient Fourier transformation routines.
Mines are less well detected when they are located too far off center. The matched filter output will be lower in such a case because the mine signal will not contribute fully to the convolution calculation as it will be partly outside the image.
IV. MEASUREMENTS
The primary high-energy neutrons were obtained from a variety of sources:
• a radioactive source with a strength of about ; • a DD neutron generator emitting ; • a radioactive PuBe source with strength . The point of neutron emission by a source placed in the detector encasing is around 12 cm from the ground. The standoff distance between the bottom of the detector encasing and the sand surface was roughly 10 cm. The test mines used are listed in Table I . The depth of a buried mine is defined as the distance between the soil surface and the top of the mine. The sand was just left as it was after burying the mines and no effort was done to level the sand surface. A moisture level below 0.5% was determined from a sand sample by comparison of the weight before and after heating to 110 for 15 hours. Fig. 5 shows the results for a scan of the two anti personnel mines from Table I at a depth of 10 cm using the Cf source and a scan speed of 1 mm/s. The image shows the scan between 0 and 6 m and with a width of 80 cm. The detector has to pass completely over a position to measure the neutron flux at that position therefore the effective length of a scan is smaller by the detector size in the scan direction ( ) than the distance over which the detector moved.
The pixel counts as obtained from data acquisition are shown in the top image. The mine at 300 cm is only just distinguishable in this raw image because anti personnel mines at this depth are near the limit of detection. The visibility of both mines is enhanced by removal of the backgrounds due to the fast neutrons and to soil scattering and the susbsequent application of a light Gaussian filter as shown in the third image from the top. The shape of the mine signal is approximately circular with a diameter of about 70 cm. The output of the matched filter is shown in the bottom image of the figure. All matched filter data are normalized to emitted in the pass-over-time. The matched filter output should be compared to the result of a scan without a mine, see Fig. 6 . The pixel data in the middle image varies around zero between and as expected for statistical counting noise. The matched filter output has a maximum of 0.35 at scan position 375. The maximum matched filter signal for background under the given circumstances can therefore be set to 0.4. Signals above this limit will be interpreted as a mine; while mines will not be recognized as their signal falls below this limit leading to false negatives. The matched filter output of both the polyethylene and the nylon mine in Fig. 5 (0.77 and 0.55 respectively) are above the detection limit.
The characteristic shape of a mine signal is circular even for tilted mines or square mines because of the scattering of the neutrons on their way to the surface. An asymmetric structure with a size of the order of the normal mine signal ( ) might show a deviation from the circular shape if buried at a shallow depth. It would be interpreted as a mine because it would give a strong signal.
A. Scan Speed
The total number of counts in the mine signal can be obtained by summation of the pixel contents in a circular area around the mine position from of the data corrected for background. The mine signal of the anti tank mine at a depth of 10 cm as function of the pass-over-time is shown in Fig. 7 for various source strengths and scan speeds. The number of counts is proportional to the measurement time as is to be expected, following the relation: . This relation is represented in the figure by the dot-dashed line. This means that 1% of the primary high-energy neutrons is detected after scattering back from the mine.
B. Maximum Depth
The total number of counts in the mine signal normalized to a source strength of is shown in Fig. 8 as a function of mine depth. The dotted line shows the number of counts in the background, obtained from Fig. 6 . The functional behavior of the lines is similar to previously reported simulations and measurements [19] , [25] , [26] . The maximum depth at which mines can be found under the circumstances of the tests can be read from the figure as the depth at which the lines cross the background line. This maximum depth is 15 cm for anti personnel mines, and 25 cm for anti tank mines. A mine can only be detected if the mine signal can be distinguished from the background fluctuations. The observational limit of the least size of mine and the greatest detection depth is therefore determined by the size and intensity of the background structures in the image. This limit is independent of the source strength as long as the counting statistics are well below the background fluctuations.
V. CONCLUSION
The scan speed can already be in the meter/minute range with a relatively small neutron source as illustrated by Fig. 9 .
This test indicates that anti-tank mines can be found in the Delft test lane at depths of 25 cm at a speed of 30 mm/s using a Cf source of . Anti-personnel mines have been found up to depths of 15 cm. These limits may be different when the detector is used on other soils.
A mine is best recognized by the software when the mine signal is fully contained in the image. This is the case for mines which are not more than about 15 cm off center, given the approximate size of the mine signal of and the size of the detector of 100 cm. In addition, mines which are located further from the centrally placed source will give weaker signals. The width of the strip being scanned is therefore about 30 cm.
The identification of a hot spot appearing outside this strip as a mine is less reliable because the signal is partly outside the image. Large mines giving a strong signal may still be detected in this case but smaller and deeper lying mines may be interpreted as noise and go unnoticed.
A wider scan strip might be realized by increasing the detector width. A sufficient level of radiation intensity towards the edges of the detector may be reached by using multiple neutron sources.
An average scan covers an area of approximately 1 6 . AP and AT mines can be reliably detected up to depths of 25 and 15 cm respectively in the much smaller area of 0.30 6 . The expected maximum mine detection speed is about 500 , based on a 5 hour working day and a neutron emission rate of and a scan speed of 100 mm/s. This compares favorably to the reported speed of manual demining of 15-20 [27] , [28] . The detection system needs to be placed on a cart or trolley when applied in the field. The trolley could be manned or remote controlled. The radiation dose at the operators position in case of a manned trolley has been calculated to be around 0.1 for a AmBe neutron source of at 3.5 m from the operator without applying shielding. Dose measurements have confirmed this calculation.
